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ABSTRACT In the wake of the SARS-CoV-2 pandemic, inactivating bioaerosols
became a pivotal issue which helps to prevent the transmittance of SARS-CoV-2. Thus,
the current study was conducted to investigate a potential inactivating method using
both ozone (05) and ultraviolet C (UVC). Individual and integrated effects of O; and UVC
were compared. A solution containing approximately 4~7.3 x 10° CFU/mL of Salmonella
typhimurium bacteria was used to produce bacteria droplets. These droplets were
exposed to O; and UVC to determine the reduction rate of bacteria. The exposure times
were set as 1 and 30 minutes. Ozone concentrations were 100 and 200 ppmv. UVC-LEDs
were used as a UVC source. Peak wavelength of the UVC-LED was 275 nm and the irradia-
tion dose was 0.77 mW/cm?, In terms of O5 and UVC-LED interaction, 194 ppmv styrene
was used as a target compound to be removed. Considering the O; and UVC-LED inter-
action, the presence of O; could reduce the performance of the UVC-LED, and UVC-LED
could also reduce significant amount of Os. The sequence of O; and UVC-LED treatment
was as follows: O; was exposed at first, then UVC-LED, and this order showed the best
reduction ratio (>99.9%). Therefore, if O; and UVC-LED is used to disinfect Salmonella
typhimurium bacteria contained in droplets, bacteria should be separately exposed to O;
and UVC-LED in order to improve the inactivation efficiency.
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1.INTRODUCTION

A COVID-19 pandemic has been occurring since 2020 and has not been ended
(WHO, 2021a; Acuti Martellucci ef al., 2020). A syndrome coronavirus 2 (SARS-
CoV-2) is the core reason of the pandemic (Qian ef al,, 2021; US EPA, 2021; WHO,
2021a; Acuti Martellucci ef al.,, 2020; Morawska et al., 2020). It was reported that
the SARS-CoV-2 can be transmitted through aerosol which are respiratory droplets
emitted through human exhalation such as coughing, sneezing, speaking, etc.
Regarding to SARS-CoV-2 patents, their aerosols contain virus particles (Qian et al.,
2021; US EPA, 2021; WHO, 2021b; Acuti Martellucci et al., 2020; Morawska et al.,
2020) so called bioaerosols (Stetzenbach, 2009). Moreover, since most people
spend about 90% of their time in the indoor environment (da Costa Filho and Vilar,
2020; Kruza et al., 2020), most of the SARS-CoV-2 patients were infected in the
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indoor air, which was responsible for approximately 80%
out of total infection cases (Qian et al., 2021; Morawska
et al., 2020). Therefore, the improvement of indoor air
quality is a pivotal issue (WHO, 2021c; Morawska et al,,
2020). A ventilation method and an air conditioning
method are needed to reduce the infection rate (WHO,
2021c; Morawska et al., 2020). The main function of
these methods is to reduce the amount of bioaerosols
from the indoor air or to inactivate bacteria and viruses
in bioaerosols (Buising et al., 2021; WHO, 2021c; Mora-
wska et al., 2020; Ren et al., 2020). Ultraviolet C (UVC)
(Ploydaeng et al., 2021; Yoo et al,, 2021; Nunayon ef al.,
2020; Ren et al., 2020; Beck et al.,, 2017; Wengraitis et al.,
2013) and ozone (O;) (Franke et al., 2021; Sallustio et
al.,, 2021; Shi et al., 2021; Steinmann et al., 2021; Wang et
al,, 2021; Masotti et al., 2019; Huang et al,, 2012) have
been widely applied to inactivate bacteria and viruses.
However, the disinfection of bacteria and viruses in bio-
aerosols in the indoor air using UVC light-emitting
diode (UVC-LED) has not been documented well
(Nunayon et al., 2020; Ren et al., 2020).

In terms of bacteria, a rotating UVC-LED system
consisting of 10 UVC-LEDs (271 nm) was installed at
an upper position of a room (2.01 m of height) to inac-
tivate bacteria in bioaerosols (Nunayon et al., 2020).
The irradiation of UVC-LEDs varied from 0.316 yW/
cm® to 0.517 yW/cm’. The room dimension was 2.25
m X 2.30 m X 2.30 m. Colonies of E. coli, S. marcescens,
and S. epidermidis bacteria were used to produce bio-
aerosols. It was found that S. epidermidis bacteria
showed the highest UVC susceptible, followed by S.
marcescens and E. coli bacteria. It was reported that it
took 117~176 minutes in removing 99.99% of air-
borne bacteria when the UVC-LEDs system was not
rotated and that it took 77~91 minutes when the sys-
tem was rotated (Nunayon et al.,, 2020). In terms of O,
the oxidation property of O, is generally due to O* rad-
ical when O; decomposes in the environment as the
following equation (Batakliev et al., 2014):

0,+hv—0,+0* (1)

O* is a strong oxidant which can quickly oxidize
organic components of germs (Mohamed and Barbara,
2021). Several studies on inactivating bioaerosols in
the indoor air were reported (Steinmann et al., 2021;
Masotti et al., 2019; Huang et al., 2012). Bioaerosols
consisting of E. coli and B. subtilis bacteria were exposed
to various concentrations of O, (i.e., 20 to 175 ppm) to
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determine the bacteria reduction efficiencies (Huang et
al., 2012). The experiment was conducted with an
environmental chamber and a control room. In terms
of the environmental chamber, it was reported that the
reduction efficiency of E. coli at 50 ppmv O; was 95%
with 10 s of exposure time. In contrast, that of B. subtilis
was approximately 0% at all levels O; of concern after
10 s contact. For the control room, the total bacteria
including E. coli and B. subtilis was reduced from about
160 CFU/m? to about 10 CFU/m? (i.e., 93.7% of reduc-
tion rate) after 2h with an air change rate of 3.89 L/h and
150 ppmv O; (Huang et al., 2012). O; with an average
concentration of S ppmv was used to disinfect air-borne
bacteria in a food factory (Masotti et al., 2019). O expo-
sure time was three hours. The air in the testing room
was in a stationary state. It was reported that the removal
efficiency of bacteria with the abundance of C. herbarum
was approximately 100% (Masotti ef al., 2019).

For viruses, Ren et al. (2020) claimed that a UVC-
LED at 254 nm could disinfect SARS-CoV-2 in circulat-
ing air at a medical center (Ren et al., 2020). However,
more detailed information about the study was not
addressed. Effects of 80 ppmv O; on adenovirus type-S
and murine norovirus were investigated. A testing room
had a volume of 62.48 m® and its air was controlled with
a relative humidity of 90%. Exposure times were 150 and
300 minutes. It was found that the reduction efficiency
of adenovirus type-5 was over 99% after 150 minutes
and over 99.9% after 300 minutes. In contrast, that of
murine norovirus was only over 90% after 150 minutes
and over 99% after 300 minutes (Steinmann et al., 2021).

In general, UVC-LEDs or O; has a good potential to
disinfect bioaerosols. They can be used only in the
absence of humans because they are hazardous objects
and their exposure times are long enough to achieve a
high reduction efficiency (>99.9%). Thus, ventilation
was the best method to reduce the infection of bioaero-
sols (Morawska et al., 2020). A circulation rate was rec-
ommended from 2 to S0 air change per hour (Morawska
et al.,, 2020). However, the circulation air may transmit
bioaerosols from indoor to outdoor environment and
vice versa. Consequently, germs in bioaerosols in the cir-
culation air should be inactivated in the ventilation sys-
tem. Since the recommended ventilation rate is high, a
strong and fast disinfection method should be used. An
integrated O; and UVC-LED technique may be a poten-
tial method. However, there has been a lack of study on
this issue.
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Accordingly, this study was conducted to investigate
the individual and integrated effects of O; and UVC-
LED on the reduction of bacteria in liquid droplets.
There are several methods to integrate O; and UVC-
LED. Thus, a pre-experiment was carried out to deter-
mine the effect of various integrations between O; and
UVC-LED on a reductant. Styrene was used as a repre-
sentative reductant. Then, an optimal integrated meth-
od was applied to investigate its effect on bacteria in
liquid droplets. Salmonella typhimurium was used as a
representative bacterium. Reduction efficiencies of
bacteria in droplets were determined with respect to
various exposure times and the sequence of O; and
UVC-LED treatment.

2. MATERIALS AND METHODS

2.1 Materials

Ozone was generated by an ozone generator (FOZ-
SA, Fine Ozone, Republic of Korea). Oxygen (10.02%,
Rigas, Republic of Korea) was used as an oxygen source
of the ozone generator. Styrene (399 ppmv, Rigas,
Republic of Korea) was used as a representative reduc-
tant for investigating interactions between UVC-LED
and O;. Zero air (99.99%, DongA Ltd., Co., Republic of
Korea) was used to dilute the styrene standard gas. Sal-
monella typhimurium bacterium solution containing
4~7.3%10° CFU/mL was used to investigate the
effects of UVC-LED and O;.

2.2 Apparatus

An ozone generator (FOZ-SA, Fine Ozone, Republic
of Korea) was used to produce ozone standard gas. An
ozone analyzer (ANA4, Winstech Inc., Republic of
Korea) was applied for the analysis of ozone. In terms
of styrene analysis, a gas chromatography (GC) (6890,
Agilent technologies, USA)/ Mass spectrometer (MS)
(5975, Agilent technologies, USA) coupled with a
thermal desorber (TD) (Unity 2, Markes international,
UK). A capillary column (60 m X 0.320 mm X 1.80 ym)
(DB-624, Agilent technologies, USA) was applied for
the GC. The operation conditions of the GC/MS/TD
system can be found elsewhere (Lee et al., 2019a,
2019b). A Tenax TA trap (C1-AXXX-5003, Markes,
UK) was used for the sampling of styrene. Ten UVC-
LED modules (WOB_16A, Seoul Viosys Co., Republic
of Korea) with a peak wavelength at 275 nm were

installed in an isolated chamber where S modules were
attached on the top and the rest were located on the
bottom of the chamber. The distance between top and
bottom UVC-LED modules was 6 cm because the
manufacturer recommended 3 cm of effective distance.
An UVC light meter (UVC-254SD, Lutron Electric
Enterprise Co., Ltd., Taiwan) was used to measure the
UVC intensity.

2.3 Experimental Procedures

2.3.1 Investigation of Interactions between O; and
UVC-LED

In general, O; and UVC individually show a strong
oxidizing property. However, an interaction between O,
and UVC also occurs (Keller-Rudek et al., 2013; Sum-
merfelt, 2003; de Gruijil and van der Leun, 2000). It was
reported that O; can strongly absorb UV in the range of
200 to 300 nm (Keller-Rudek et al.,, 2013). Furthermore,
UV in the range of 240 to 310 nm can decompose O; to
be oxygen gas and oxygen radical (Summerfelt, 2003; de
Gruijil and van der Leun, 2000). For the combination
effects of O; and UVC-LED, an object can be exposed to
O, and UVC-LED in various ways such as exposed by
simultaneously by O; and UVC-LED, exposed by O,
then by UVC-LED, or exposed by UVC-LED, then by
O;. Therefore, an optimal integrated method which
shows practical performance should be determined.

First, the reduction rate of O; caused by UVC-LED
was investigated. 500 mL of O; at 100 ppmv and 200
ppmv was respectively injected into 1 L Tedlar bags
(SKC Inc., USA). Then, each bag was irradiated with
UVC-LED at various exposure times including 1, 5, 10,
15 and 30 minutes. The reduction rates of O, were eval-
uated based on its concentrations before and after the
irradiation. Oy in ppmv levels (i.e., S ppmv to 175 ppmv)
was studied, and it was reported that the chemical could
disinfect bacteria in bioaerosols with respect to various
exposure times from few seconds to few hours (Stein-
mann et al., 2021; Masotti et al., 2019; Huang et al.,
2012). Particularly, although 175 ppmv of O; was
applied, it did not reveal a good reduction efficiency on
B. subtilis in a short exposure time (Huang et al.,, 2012).
Therefore, O levels were selected as 100 ppmv and 200
ppmv in this study.

Second, the optimal integration of O; and UVC-LED
was investigated. For bacteria, since it generally takes a
long time to inoculate, culture, and count them, a reduc-
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Fig. 1. Experimental procedure for investigating effects of the integrated O;/UVC-LED on the oxidation of styrene and droplets contain-

ing bacteria.

tant was used instead of a bacterium in this experiment
to reduce the experimental time. In general, UVC can
damage the double-bond stability between adjacent car-
bons and conjugated ring structures of DNA and RNA
of bacteria so that the bacteria can be inactivated (Cutler
and Zimmerman, 2011). Furthermore, a styrene mole-
cule also consists of a double-bond and a conjugated
ring. Thus, styrene was selected as a reductant for this
experiment. Besides, the individual effect of O; and
UVC-LED on the reduction of styrene was also consid-
ered for a comparison. The experimental procedure is
shown in Fig. 1.

Five integrated cases of UVC-LED and O; were con-
ducted. Experimental conditions are presented in Table
1. A 1L Tedlar bag (SKC Inc., USA) was used as a reac-
tion chamber. Styrene and O; were taken from their
standard source and introduced into the bag by 100 mL
glass syringes (Fig. 1) in order to produce S00 mL sam-

4 www.asianjae.org

ple gas. First styrene was injected into the bag by a
syringe, and after a while O; was injected. Since target
gases at ppmv level were injected into the bag by syringes
which caused a turbulent air inside the bag, these gases
could mix well in the bag. After each experiment, a new
bag was used to prevent the contamination. Particularly,
when styrene was exposed by only UVC-LED, zero air
was injected into the bag instead of O;. After exposing
styrene to oxidizing agents, styrene in the bag was intro-
duced into an adsorption trap, then it was analyzed by an
GC/MS/TD system. Method detection limit for the
chemical observed from the repetition of the first point
of the standard series was found to be 3.36ng.

Each condition was repeated three times. Relative
standard deviations of the repetition were less than 7%.
Average removal efficiencies of styrene at each condi-
tion were obtained and compared. ANOVA and t-test
were conducted using Statgraphics Centurion XV soft-
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Table 1. Experimental conditions for styrene with various integrated cases of UVC and O;.

Styrene Ozone uver Exposure time
Code Integrated case (p}},)mv) (ppmv) (aW/em?) P (omin)
uv Exposed by only UVC-LED 194 0 0.77 10
03 Exposed by only O, 194 100, 200 0 10
UV& O3 Exposed simultaneously by O; and UVC-LED 194 100,200 0.77 10
03>UV Exposed by O;, then by UVC-LED 194 100,200 0.77 S:5
Uv>03 Exposed by UVC-LED, then by O, 194 100,200 0.77 5:5

Note: * UVC dose inside the Tedlar bag.

Table 2. Experimental conditions for bioaerosol with various integrated cases of UVC and O;.

Ozone uvCc* Exposure time
Code Integrated case () (mW/ cm?) st
uv Exposed by only UVC-LED 0 0.77 1,30
03 Exposed by only O, 100, 200 0.77 1,30
03>UV Exposed by O, then by UVC-LED 100,200 0.77 0.5:0.5,15:15
Note: *UV dose inside the Tedlar bag.
ware (15.2.0S; Statpoint Technologies Inc., Warrenton, (N,,-N,,)

VA, USA).

2.3.2 The Effects of the Integrated O;/UVC-LED
Treatment on the Inactivation of Bacteria in
Liquid Droplets

From experimental results with styrene, the effect of
the integrated O;/UVC-LED treatment on bacteria in
droplets in a batch stage were carried out with respect to
UV, O;, and O;> UV conditions. Conditions which
were UV&O3 and UV > O3 were not depicted here due
to their low efficiencies. Droplets of bacteria were pro-
duced by depositing 10 small droplets (i.e., 100 L per
droplet) of solution containing Salmonella typhimurium
bacteria on a sterilized glass (7 cm X 2 cm). The sample
was dried at room temperature (25°C + 1°C) for 60 min-
utes to reduce the amount of water. After that, each sam-
ple was inserted into a 1 L Tedlar bag containing S00 mL
of zero air or O3 at 100 ppmv and 200 ppmv. The experi-
mental procedure is presented in Fig. 1. Experimental
conditions are shown in Table 2.

After being exposed by oxidizing agents, the plates
were washed with distilled water. Salmonella typhimuri-
um in each sample was inoculated, cultured, and count-
ed. The reduction ratio of bacteria was evaluated based
on equation (2).

Bacteria reduction ratio = X 100% (2)

N.

1

where N, is the initial number of bacteria before treat-
ment (CFU/mL), N,, is the number of bacteria after
treatment (CFU/mL). In this study, the initial number
of bacteria before treatment was the number of bacteria
in 10 droplets after drying 60 minutes. The number of
bacteria in the original solution was not used because
the number of bacteria would obviously be reduced
after drying 60 minutes. In other words, the initial
number of bacteria before treatment was the value of
the blank sample.

Each experiment was repeated two times. Relative
percent differences of results between two experimen-
tal events were less than 13%. ANOVA and t-test were
conducted using a Statgraphics Centurion XV software
(15.2.05; Statpoint Technologies Inc., Warrenton, VA,
USA).

3. RESULTS AND DISCUSSION

3.1 Investigation on Interaction between O; and
UVC-LED
The reduction rates of O, caused by UVC-LED were
investigated with respect to various exposure times.
Experimental results are shown in Fig. 2.
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As shown in Fig. 2, reduction rates of O; caused by
0.77 mW/cm? of UVC-LED were proportional to the
exposure times, inversely proportional to O; concentra-
tions. Reduction rates of 100 ppmv and 200 ppmv O,
from 1 minute to 15 minutes were dramatically increased
from 15 and 55% to 70 and 80%, respectively. In con-
trast, those were slightly increased from 70 and 80% to
84 and 89% from 1S5 to 30 minutes, respectively. It sug-
gested that UVC-LED can be employed to remove O,.
However, the effect of UVC-LED could be declined over
time. Hence, to remove well O;, the intensity of UVC-
LED should be increased rather than the contact time.

Interactions between O; and UVC-LED were investi-
gated using styrene as a representative compound.
Experimental results are depicted in Fig. 3.

As shown in Fig. 3, the styrene removal efficiency by
only UVC showed the lowest value (i.e., 6.33%). This
low degradation was due to a short exposure time (Lim
et al., 2008; Kodaira et al., 1973). A t-test between inte-
grated method with respect to 100 ppmv O; and 200
ppmv O; was conducted with 95% confidence in order
to figure out the significant difference. It was found
that styrene removal efficiency by integrated methods
with respect to 200 ppmv O, (i.e., 03, UV&O3,
03> UV and UV > 03) revealed a significant differ-
ence to those with respect to 100 ppmv O because of
P-values < 0.05. At 200 ppmv O, the removal efficien-
cy of styrene was approximately 100%, which indicated
that styrene was almost oxidized fully. An ANOVA test
was conducted among integrated methods (i.e., O3,
UV&O03, 03> UV and UV > 03) with respect to 200
ppmv O, which showed that there was no significant
difference in styrene removal efficiencies among these
methods due to P-value = 0.4006. Therefore, integrat-
ed methods with respect to 200 ppmv O, should not be
used to get the optimal integrated way. In terms of inte-
grated methods associated with 100 ppmv O;, the
method in which styrene at first was exposed to O; for
5 minutes then to UVC-LED for § minutes (i.e, O3 >
UV) revealed the highest removal efficiency, which was
followed by O3, UV&O3, and UV > O3 (P-value =
0.0221). When styrene was exposed to O, and UVC-
LED at the same time, the removal efficiency was lower
than that being exposed by only O; because UVC
could destroy O; (Summerfelt, 2003; de Gruijil and
van der Leun, 2000), and O; could absorb UVC
(Keller-Rudek et al., 2013). These effects caused the
reduction of UVC-LED effectiveness.
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Consequently, O; and UVC-LED should not be
employed at the same time. Between O3> UV and UV
> 03, experimental results suggested that O3> UV is
more suitable for inactivating bacteria or viruses in bio-
aerosols because this method will be applied for the
indoor air while Oj is a toxic compound for human
beings, especially over 100 ppbv (Pohanish, 2012). As a
suggestion method, O; can firstly disinfect a part of
bioaerosols. After that, UVC-LED can be used to remove
the rest of bioaerosols as well as to decompose O;. How-
ever, the investment cost and benefit should be consid-
ered when both of O; and UVC-LED are employed. For
example, integrated O; and UVC-LED can be used to
remove volatile organic compounds and bioaerosols
together. The reduction rates of O; depended on UVC
dose and contact time (Fig. 2). More studies with higher
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Fig. 4. Bacteria reduction ratios with respect to various integrated methods and exposure times (Error bars show minimum and maximum

values).

UVC doses should be conducted to figure out the opti-
mal condition which could remove O; to a negligible
level in future works.

3.2 The Effects of the Integrated O;/UVC-LED
Treatment on the Inactivation of Bacteria in
Liquid Droplets

Droplets of Salmonella typhimurium bacteria were
exposed to O; and UVC-LED to determine the effect of
individual and optimal integration approaches on bacte-
ria. A condition of O;> UV was taken into account in
this experiment based on the results of the previous
experiment.

Bacteria reduction ratios with respect to various oxi-
dation conditions and exposure times are presented in
Fig. 4.

Contrary to the experiment of styrene, UVC-LEDs
showed the best reduction ratio of bacteria (>99.99%)
with respect to both exposure times (Fig. 4). Although
the exposure time was only 1 min, this result was better
than that of a previous study which needed more than
1 hour exposure (Nunayon ef al., 2020). However, the
distance between UVC-LEDs and bacteria in this cur-
rent study was only 3 cm while UVC irradiation diame-
ter of the previous study was 2.01 m (Nunayon ef al.,
2020). Hence, it suggested that to increase the reduc-
tion efficiency and reduce the irradiation time, many
UVC-LEDs should be used and arranged with a closer
distance. Bacteria reduction efficiencies of O; showed
lower values than those of UVC-LEDs. These low effi-

ciencies might be due to different phase like O; gas and
liquid droplets. Since exposure times in the current
study were shorter than those of previous studies, O,
had not enough time to inactivate all bacteria. Masotti
et al. (2019) reported that it took three hours to disin-
fect air-borne bacteria by S ppmv O; (Masotti et al.,
2019). When 150 ppmv O; was used to disinfect bacte-
ria including E. coli and B. subtilis in bioaerosols, the
reduction ratio of total bacteria was approximately
93.7% after 2 h with an air change rate of 3.89L/h
(Huang et al., 2012). When using 80 ppmv Oj to treat
bioaerosol containing viruses, it took three hours to
reach 99.9% (Steinmann et al., 2021). In addition,
droplets used in the current study also comprised the
nutrient broth which could react with O3, so that it
might reduce the effect of O; on bacteria. The experi-
ment was conducted in a batch condition and the con-
tacting surface between gas phase and liquid phase of
10 droplets was also limited and constant due to small
droplet deposited on a glass plate. Therefore, the dis-
solving rate of Oj; to the droplet was limited although
O; could be dissolved well in water. This might be a
reason why the bacteria reduction rate was dramatically
increased at the beginning (i.e., within 1 minutes) but
slightly increased approximately by 10% for longer
exposure times. This pattern was also found in a previ-
ous study. When 150 ppmv O was applied to a 36.5 m?
room, it took about 70 minutes to reduce 87.5% total
bacteria and spent 50 minutes more to reach only
93.7% of reduction rate (Huang ef al,, 2012). In terms
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of integrated O;/UVC-LED treatment methods, there
was no significant difference in bacteria reduction ratios
(>99%) between 100 and 200 ppmv O for 1 min expo-
sure (P-value =0.4197). Although O; was combined
with UVC-LED, bacteria reduction ratios were lower
than those of only UVC-LED. This effect could be found
very clear when the exposure time was 1 minute. While
the reduction ratio with respect to only UVC-LED
was >99.9% (i.e., N,, =65 CFU/mL) after 1 minute
exposure, the reduction ratio of O; > UV was 99.8% (i.e.,
N,,=8,800 CFU/mL) at 100 ppmv O,, but that was
only 99.1% (i.e., N,, = 55,000 CFU/mL) at 200 ppmv
O;. This pattern again confirmed the effect of O on the
performance of UVC-LED. The 30-minute exposure test
showed a reduction rate of over 99.99% for both ozone
concentrations. This result was mainly due to UCV-LED
because only O, showed low reduction ratios ( <90%).

In general, UVC-LED revealed a high reduction ratio
of bacteria in droplets when they were located close to
the droplets. When O; was combined with UVC-LED,
the exposure of O; and UVC-LED should be separated
because they could interact each other, so that their per-
formance would be reduced. Since the current study was
carried out with 1 minute and 30 minutes of exposure
times, they were not enough for the complete inactiva-
tion of bacteria in droplets; therefore it was hard to figure
out the best exposure time of O; for bacteria before
introducing it to UVC-LED. Various exposure times
should be concerned in future works. In addition, UVC
dose was fixed and had a relatively high value in this
study (i.e., identical UVC intensity and distance), so that
O; could not show its full inactivation potential. More
studies with different UVC doses by changing the num-
ber of LEDs or the distance of LEDs and bacteria should
be implemented. Salmonella typhimurium bacterium was
used as a representative germ in this study.

4. CONCLUSIONS

O; and UVC were integrated in various ways to inves-
tigate their effects on the inactivation of bacteria in liquid
droplets. UVC-LED at 275 nm were applied while the
Oj; concentrations varied as 100 and 200 ppmv. Using
only O, using only UVC, exposing O; and UVC at the
same time, exposing O; first and then UVC, and expos-
ing UVC first and then O; were considered as various
integrated methods. For the interaction between O; and
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UVC-LED, styrene 194 ppmv was used as an oxidizing
compound. For the effect of O;/UVC-LED on bacteria,
Salmonella typhimurium solution was employed. It was
found that the performance of UVC-LED and O; was
reduced only when they were applied at the same time.
UVC-LED could reduce approximately 90% of 100
ppmv Oj after 30 minutes exposure time in this study.
For styrene, O, revealed a better reduction ratio than
that of UVC-LED. In contrast, UVC-LED could reduce
over 99.99% of bacteria while O, did less than 90%. This
study suggested that individual UVC-LED could disin-
fect bacteria in droplets rather than individual O;. On
the other hand, if O; and UVC-LED are applied to
improve indoor air quality such as treating volatile
organic compounds and bioaerosol, the integrated meth-
od in which bioaerosol was exposed to Oj first, then to
UVC-LED should be practically applied to minimize the
interaction between them and improve the removal effi-
ciencies. However, this study still has some limitations
with respect to exposure times, UVC doses, and the
types of germs. Thus, these issues should be more stud-
ied in the future works.
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